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Laser  Scanning  Measurements 
on 

Solar  Cell  Test  Pattern  NBS-22 


by 

W»  F.  Lankford,.* 

P.  Kowalski,  and  K.  A . Schafft 
Electron  Devices  Division 
National  Bureau  of  Standards 
Washington,  DC  20234 


The  NBS  laser  scanner  has  been  used  to  make  measurements  on  the 
solar  cell  test  pattern  NBS-22  to  verify  the  theoretical  calcula- 
tions of  Sawyer,  Lehovec,  and  Fedotowsky.  The  photovoltaic  re- 
sponse from  cells  with  controlled  sheet  resistance  step  changes  and 
breaks  in  the  metallization  contact  to  the  cell  was  measured  and 
compared  to  the  theoretical  predictions.  Laser  scanner  limits  of 
resolution  are  identified  and  proposed  improvements  are  discussed. 
Preliminary  measurements  indicate  that  it  is  possible  to  measure 
the  sheet  resistance  of  the  emitter  layer  of  solar  cells  with  an 
accuracy  of  several  percent  using  the  laser  scanner. 

Key  Words:  Laser  scanner;  model  calculations;  photovoltaic 

cells;  sheet  resistance;  solar  cells;  solar  cell  defects;  test 
structures. 

1 . Introduction 

The  application  of  the  laser  scanner  to  the  study  of  solar  cells  initiated  by 
Sawyer  [1-4]  at  the  National  Bureau  of  Standards  (NBS)  has  continued  in  a 
program  to  quantify  its  measurement  potential  and  to  evaluate  its  use  in  the 
detection  of  specific  cell  defects.  The  principal  thrust  of  this  report  is 
to  describe  experimental  verification  of  the  theoretical  photoresponse  curves 
predicted  by  Lehovec  and  Fedotowsky  [5]  of  the  University  of  Southern  Cali- 
fornia. In  addition,  the  resolution  limits  of  the  National  Bureau  of  Stan- 
dards scanner  in  the  study  of  solar  cell  imperfections  are  defined  and  inher- 
ent limits  in  the  application  of  laser  scanner  techniques  to  the  detection  of 
defects  in  solar  cells  are  identified  as  they  relate  to  laser  scanners  in 
general. 

The  first  step  in  the  verification  of  the  theoretical  results  is  the  direct 
comparison  of  the  measured  photoresponse  from  the  laser  spot  scanned  along  a 
single  line  across  solar  cell  A of  the  solar  cell  test  pattern,  NBS-22,  shown 
in  figure  1 with  the  curves  predicted  by  Lehovec  and  Fedotowsky  for  a uniform 
cell.  Two  approaches  were  taken.  A point-by-point  comparison  between  data 
and  prediction  verified  the  correctness  of  the  photoresponse  equation  within 
our  experimental  accuracy.  Then  a quantitative  comparison  based  on  sheet 
resistance  measurements  from  the  reference  test  structures  of  NBS-22,  shown 
enlarged  in  figure  2,  confirmed  the  correctness  of  the  equation.  The  impor- 
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Figure  1.  Top  view  of  the  solar  cell  test  pattern  NBS-22  which  includes  four 
solar  cells  (A,  B,  C,  and  D)  surrounded  by  sets  of  reference  test  structures. 
These  sets  are  present  in  each  of  the  larger  rectangles  not  containing  a dia- 
gram of  the  set  or  an  "X"  (i,e.f  16  sets  around  each  cell) . The  gaps  in  the 
metallization  contact  are  indicated  by  the  open  rectangles  on  cells  B and  D. 
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Enlargement  of  the  set  of  reference  test  structures  on  NBS-22.  The 
leasure  sheet  resistance  of  the  singly  diffused  region  is  the  van  der 
designated  number  6. 


tance  of  this  result  is  that  the  dependence  of  the  photoresponse  on  the  posi- 
tion of  the  light  spot  relative  to  a metallization  line  may  be  predicted  for 
various  levels  of  full  cell  illumination.  This  dependence  may  then  be  sepa- 
rated from  photoresponse  variations  due  to  cell  defects  independently  of 
where  the  defect  happens  to  be  located. 

With  the  characteristic  photoresponse  curve  established  for  a line  scan 
across  an  illuminated  perfect  cell,  the  scanner  was  applied  to  the  detection 
of  two  types  of  controlled  defects  or  variations.  The  first  is  a step  change 
in  sheet  resistance  due  to  a second  diffusion  of  phosphorus  into  the  top  sur- 
face. The  second  controlled  defect  studied  is  a gap  in  contact  between  the 
metallization  and  the  top  surface  as  illustrated  in  figure  3 for  cells  B and 
D of  the  solar  cell  test  pattern.  Scans  of  the  cell  in  the  vicinity  of 
breaks  of  200  to  1600  pm  in  length  were  made  to  determine  the  minimum  length 
detectable. 

Several  modifications  which  were  made  in  the  scanner  system  to  permit  quanti- 
tative measurements  are  described.  Experience  with  the  solar  cell  test  pat- 
tern has  led  to  the  identification  of  a number  of  proposed  changes  and  exten- 
sions that  would  increase  its  usefulness.  These  are  described,  and  further 
modifications  in  the  scanner  system  itself  are  discussed  which  would  make  it 
a more  powerful  tool  for  the  analysis  of  solar  cell  defects. 

2.  Review  of  Previous  Work 

In  order  to  provide  the  reader  with  a more  nearly  self-contained  report,  the 
results  of  previous  work  which  were  used  in  the  measurements  reported  here 
are  briefly  described.  They  are  1)  the  solar  cell  test  pattern  [4]  on  which 
the  measurements  are  made  and  2)  the  theoretical  results  of  Sawyer  [3]  and  of 
Lehovec  and  Fedotowsky  [5]  on  which  the  analysis  is  based. 

2.1  The  Solar  Cell  Test  Pattern 

The  solar  cell  test  pattern  (designated  NBS-22)  developed  for  this  study  con- 
tains four  n-p  solar  cells,  three  of  which  have  intentional,  controlled  im- 
perfections. Cell  A has  no  intentional  defects,  cell  B has  different  length 
gaps  in  the  metallization  contact  to  the  cell's  top  surface  (but  not  in  the 
metallization  itself  as  illustrated  in  figs.  1 and  3),  cell  C has  a doubly 
diffused  region  beneath  and  adjacent  to  each  metallization  grid  line,  and 
cell  D has  the  defects  of  B and  C combined. 

Surrounding  each  cell  are  16  repetitions  of  the  set  of  reference  test  struc- 
tures fabricated  by  the  same  processes  as  the  solar  cells.  These  are  used  to 
obtain  independent  electrical  measurements  of  critical  cell  parameters  such 
as  sheet  and  metallization  contact  resistance  made  on  the  same  wafer.  These 
measurements  are  used  to  verify  that  the  solar  cells  have  been  properly  pro- 
duced and  provide  a comparison  with  the  optical  measurements  made  with  the 
laser  scanner.  The  entire  NBS-22  solar  cell  test  pattern  is  shown  in  figure 
1,  and  the  set  of  reference  test  structures  is  shown  in  figure  2.  A detailed 
description  of  the  reference  test  structures  is  contained  in  reference  4. 
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"BASE” 


a.  Metallization  in  proper  contact  with  solar  cell  emitter,  not  to  scale. 


"BASE” 


b.  Region  of  the  metallization  with  a break  in  metal-to-emitter  contact 
as  fabricated  in  cells  B and  D of  the  solar  cell  test  pattern,  not 
to  scale. 

Figure  3.  Nature  of  metallization  contact  system. 
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2.2  Theoretical  Calculations 


An  analysis  of  the  photoresponse  of  a solar  cell  to  a line  of  light  parallel 
to  a metallization  line  while  the  cell  is  uniformly  forward  biased  by  back- 
ground illumination  was  made  by  Sawyer  and  Kessler  [3]  and  extended  to  a spot 
of  light  by  Lehovec  and  Fedotowsky  [5] . In  each  case  the  cell  is  modeled  as 
a network  of  discrete  resistors  and  diodes  comprising  the  various  series  and 
shunting  impedances  to  current  into  an  external  load  for  an  illuminated  cell 
as  shown  in  figure  4.  The  primary  source  of  series  resistance  to  lateral 
current  flow  is  the  sheet  resistance  of  the  top  diffused  region.  Other  con- 
tributions such  as  the  surface-to-metallization  contact  resistance  and  the 
metallization  resistance  itself  are  small  in  well-constructed  solar  cells  and 
may  be  neglected. 

The  resistance  of  the  cell  to  vertical  current  across  the  cell  in  figure  4 is 
comprised  of  the  resistance  associated  with  the  diode  junction  and  the  bulk 
resistance  of  the  n-type  material  between  the  junction  and  the  back  contact. 
The  photocurrent  generated  by  the  laser  spot  while  the  cell  is  forward  biased 
by  uniform  illumination  encounters  the  bulk  resistance  as  part  of  its  series 
resistance,  although  this  resistance  is  small  and  may  be  neglected  in  the 
analysis.  However,  the  forward  conducting  elemental  diodes  surrounding  the 
light  spot  act  as  shunts  to  the  photocurrent,  reducing  the  current  collected 
at  the  metallization  grid.  This  may  be  expressed  as  the  forward  diode  con- 
ductance which  is  dependent  on  the  forward  biasing  of  the  cell,  and  thus  on 
the  level  of  overall  illumination  on  the  cell. 

The  expression  derived  by  Sawyer  [3]  for  a scanning  light  line  of  length  w 
expresses  the  small-signal  output  voltage,  Vout  of  the  cell  across  an  exter- 
nal load,  Z^  in  terms  of  the  laser-generated  current  ipS 

_ { sinh  [B(Jt  - x)]  + sinh(  BX)  ) 

Vout  - ^ V 2w(3Z  > ' (1) 

Csinh(B£)  + — [cosh(B£)  - 1]  * 

^s 

where  Z is  the  metallization  spacing,  x is  the  location  of  the  line  of  light 
from  a metallization  line,  w is  the  length  of  the  line  of  light,  and  is 
the  sheet  resistance.  The  important  parameter  B is  defined  as 

B = vto  o , (2) 

s p 

where  op  is  the  small-signal  diode  shunt  conductance  per  unit  area  evaluated 
at  the  dc  operating  point.  The  coefficient  B may  be  considered  to  be  a cur- 
vature parameter  of  the  photoresponse  curve  measured  between  metallization 
lines.  The  second  term  in  the  denominator  of  eq  (1)  may  be  neglected  com- 
pared to  the  first  if  w is  reduced  to  a small  spot  and  Z^  <<  as  is  the 
case  for  our  measurements. 

Lehovec  and  Fedotowsky  [5]  solved  the  wave  equation  for  a lossy  medium: 

V2  V = V/xQ2  , (3) 

for  the  photogenerated  potential  V due  to  the  laser  spot.  The  attenuation 
length,  xQ  is  defined  as  the  distance  from  the  light  spot  to  a metalliza- 
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Figure  4.  Equivalent  circuit  of  a solar  cell  with  a laser  spot  at  x±  and  a metallization  spacing 


I 

tion  line,  such  that  the  current  is  reduced  by  1/e  due  to  losses  across  the 
photovoltaic  junctiono  It  is  given  by: 

xq  = ' (4) 

where  Z~ 1 is  the  diode  conductance  per  unit  area,  and  p is  the  sheet 
resistance  of  the  illuminated  diffused  region.  The  resulting  expression, 
assuming  negligible  external  load,  for  the  total  current  I collected  by  the 
metallization  due  to  the  laser  illumination  is 

I = IL|jsinh  [ (S  ~ x^/Xq]  + sinh  [x1/xQ]j- /sinh  (S/xQ) 

where  IL  is  the  laser-induced  current  at  the  location  of  the  laser  spot  x-j , 
and  S is  the  spacing  between  metallization  lines  as  shown  in  figure  4.  It 
should  be  noted  that  the  only  term  in  this  egression  which  is  dependent  on 
the  electrical  parameters  of  the  cell  itself  is  the  attenuation  length,  xg. 

With  the  identification  of  g in  eq  ( 1 ) as  the  inverse  of  the  attenuation 
length,  the  two  expressions  (1)  and  (5)  become  equivalent.  It  should  be 
noted  that  the  dependence  of  the  photocurrent  collected  on  the  position  of 
the  laser  spot  is  solely  in  the  numerator  of  each  egression.  It  is  this 
dependence  that  is  used  for  the  analysis  of  the  fault-free  cell  in  section  4. 

A list  of  corresponding  terms  used  by  the  two  sets  of  authors  is  given  in 
table  1.  In  the  remainder  of  this  report,  the  notation  of  Lehovec  and 
Fedotowsky  will  be  used. 

The  photoresponse  of  a cell  containing  a step  change  in  sheet  resistance,  as 
introduced  in  cells  C and  D of  figure  1,  was  calculated  numerically  by 
Lehovec  and  Fedotowsky  [5]  assuming  that  this  is  the  only  parameter  that  has 
changed  in  this  portion  of  the  solar  cell.  The  lower  doping  concentration 
results  in  a higher  sheet  resistance  which  produces  slightly  greater  curva- 
ture in  the  center  region  as  seen  in  figure  5 for  a sheet  resistances  of  45 
fl/O  in  the  center  region  and  31  fl/O  in  the  side  regions  next  to  the  metalli- 
zation. As  will  be  discussed  in  section  5,  there  are  other  changes  that  can 
contribute  to  significantly  greater  photoresponse  in  the  center  (less  heavily 
doped)  region. 

The  solution  of  eq  (3)  for  the  case  of  breaks  in  the  metallization  contact 
cannot  be  obtained  in  closed  form.  An  example  of  the  results  of  the  required 
numerical  calculation  is  presented  in  figure  6 which  shows  a three- 
dimensional  presentation  of  the  photoresponse  in  the  area  where  the  break  in 
the  metallization-to-emitter  contact  begins. 

3.  Modifications  of  the  NBS  Laser  Scanning  System 

Two  capabilities  were  added  to  the  laser  scanner  during  this  reporting  period 
to  aid  in  making  the  measurements  for  comparison  with  the  results  of  the 
previous  section.  The  first  allows  the  output  from  the  scanned  cell  to  be 
obtained  accurately  as  a permanent  trace  on  an  x-y  recorder.  To  achieve 
this,  a mechanical  beam  chopper  was  installed  in  the  laser  beam  to  produce  a 
modulation  frequency  of  approximately  250  Hz.  The  photoresponse  of  the  cell 
to  the  pulsed  light  was  capacitively  coupled  to  the  low-noise  audio  trans- 
former used  in  previous  studies  [2] . However,  in  place  of  the  high  gain 
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Table  1 . Conparison  of  Notation  in  the  Sawyer  and  Kessler 
[3]  and  the  Lehovec  and  Fedotowsky  [5]  Analyses 
of  Solar  Cell  Photoresponse  to  a Laser  Spot. 
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sheet  resistance  [ ft/O] 

ft 

s 
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amplifier  used  before,  a lock-in  amplifier  tuned  to  the  chopper  frequency  was 
used.  The  lock-in  amplifier  output  was  then  displayed  on  the  x-y  recorder. 

A block  diagram  of  the  setup  is  shown  in  figure  7.  A detailed  description  of 
the  transformer  coupling  system  is  contained  in  reference  2.  When  the  cell 
is  uniformly  illuminated  with  constant  light,  the  blocking  capacitor  provides 
for  dc  open-circuit  and  ac  short-circuit  operation.  The  resulting  low  RC 
time  constant  of  the  cell  and  its  load  allows  the  cell  to  reach  steady  output 
during  the  approximately  4 ms  the  chopped  laser  light  is  on. 

The  previous  technique  of  sweeping  the  unmodulated  laser  spot  across  the  cell 
sufficiently  fast  to  produce  a fluctuating  signal  at  cell  defects  requires  a 
greater  sweep  rate  than  the  x-y  recorder  can  follow.  In  order  for  an  x-y  re- 
corder or  other  data  acquisition  system  such  as  an  analog  to  digital  conver- 
ter for  a computer  to  be  used  with  the  scanner  in  the  flying  spot  mode,  the 
response  time  must  be  less  than  the  time  of  transit  across  a defect.  For  a 
1-ym  crack  at  a relatively  slow  scan  rate  of  5 m/s  (permitting  about  one  full 
raster  scan  of  a 1 cm  by  1 cm  cell  per  second),  a response  time  of  less  than 
0.2  ys  is  required.  In  the  modified  system  the  ac  modulation  is  supplied  by 
the  laser  beam  chopper.  In  this  configuration,  with  the  lock-in  amplifier 
measuring  the  amplitude  of  the  modulated  signal,  the  laser  spot  can  be 
scanned  across  the  cell  slowly  enough  for  the  recorder  to  follow  the  photore- 
sponse signal.  A more  detailed  permanent  record  is  thus  obtained  in  place  of 
the  previous  CRT  display. 

The  second  addition  was  a motor-driven  stage  to  move  the  solar  cell  under  a 
stationary  laser  beam.  When  the  detailed  x-y  recorder  traces  from  a moving 
spot  were  examined,  it  became  clear  that  variations  due  to  optical  aberra- 
tions in  both  the  focus  and  the  intensity  of  the  laser  beam  as  it  traversed 
slightly  different  paths  through  the  optical  system  produced  greater  effects 
than  those  we  hoped  to  study  from  the  cell  itself.  The  effect  of  variation 
in  focal  length  can  be  seen  in  figure  8 where  a line  scan  is  taken  over  a 
100-ym  wide  metallization  line  of  cell  A of  the  solar  cell  test  pattern  for 
five  different  objective- lens-to-solar-cell  distances  as  indicated  on  each. 

At  the  second  line  from  the  right,  the  effective  spot  size  is  about  40  ym  as 
measured  from  the  sloped  portion  of  the  photoresponse  line  at  the  metalliza- 
tion boundary.  At  the  leftmost  line,  the  spot  has  grown  to  more  than  100  ym 
in  diameter  for  a change  in  objective  lens  to  sample  distance  of  only  3 mm. 

A single  line  scan  over  five  metallization  lines  of  solar  cell  A of  NBS-22  is 
shown  in  figure  9.  The  varying  spot  size  is  due  to  increased  optical  aberra- 
tions for  the  off-axis  laser  beam  that  result  in  poorer  focus.  The  on- 
optical  axis  laser  beam  strikes  the  cell  at  the  point  indicated  by  the  dot 
midway  between  the  second  and  third  metallization  line  from  the  left  of  the 
scan.  The  photoresponse  minima  over  the  adjacent  metallization  lines  are  be- 
ginning to  show  the  distortions  associated  with  off-axis  scanning  in  the 
sloped  bottoms  of  the  minima.  The  scan  across  the  far  right-hand  metalliza- 
tion line  shows  a trace  that  is  comparable  in  shape  and  relative  depth  of 
minimum  to  the  45-mm  focal  length  scan  seen  in  figure  8 and  thus  is  equiva- 
lent to  being  about  2 mm  out  of  focus.  Similar  results  were  seen  at  smaller 
working  distances  and  higher  resolution. 

These  effects  are  eliminated  by  adjusting  the  scanning  mirrors  to  keep  the 
laser  beam  fixed  along  the  optical  axis  and  moving  the  cell.  The  x-axis 
drive  for  the  x-y  recorder  is  controlled  by  the  motor  drive  so  that  the  re- 
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Figure  7.  Block  diagram  of  the  x-y  recorder  system  for  collecting  solar  cell 
line  scans  of  photoresponse.  The  cell  is  moved  by  the  stage  and  the  laser 
spot  is  stationary. 
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corder  pen  drive  is  synchronized  with  the  cell  motion.  Any  changes  in  the 
photoresponse  from  the  cell  as  it  is  moved  under  the  laser  spot  can  then  be 
unambiguously  related  to  variation  in  the  cell  rather  than  in  the  light 
probe.  This  also  facilitates  alignment  of  the  optical  system  for  optimum 
focus  and  eliminates  variations  in  intensity  as  well.  As  may  be  inferred 
from  figure  8,  vertical  variations  present  in  commercial  stages  of  the  order 
of  +0.02  mm  in  the  position  of  the  cell  as  the  stage  is  moved  horizontally 
are  inconsequential  to  our  measurements.  An  alternative  way  of  dealing  with 
the  problem  of  variable  laser  spot  intensity  has  been  developed  by  Wagner 
et  al . [6]  based  on  an  optical  system  developed  by  DiStefano  [7] . This  sys- 
tem employs  collimators  which  necessitate  the  use  of  a substantially  higher 
power  laser. 

An  example  of  the  advantage  of  the  modified  NBS  system  is  that  a slight  non- 
uniformity in  the  dc  light  bias  can  clearly  be  seen  as  an  asymmetry  in  the 
photoresponse  curve  between  two  metallization  lines  as  discussed  below.  A 
nonuniformity  of  less  than  1 percent  over  an  intermetallization  distance  of 
1.5  mm  is  readily  seen  as  a difference  in  photoresponse  at  the  two  ends  of 
the  line  scan.  Figure  10  shows  such  a scan  under  a light  bias  of  approxi- 
mately one  sun  where  the  maximum  photoresponse  with  the  laser  spot  adjacent 
to  the  metallization  on  either  side  is  2.2  percent  higher  on  the  right  due  to 
the  nonuniformity  of  light  bias. 

A study  was  made  of  the  general  relationship  between  the  nonuniformity  of  il- 
luminating light  bias  and  the  resultant  asymmetry  in  the  line  scan  between 
two  metallization  lines  on  a solar  cell.  The  uniformity  of  illuminating 
light  was  measured  with  a solar  cell,  with  dimensions  1 mm  by  4 mm,  as  it  was 
moved  over  the  illuminated  area.  A typical  three-dimensional  presentation  of 
a map  of  a 2 cm  by  2 cm  area  made  on  an  x-y  recorder  is  shown  in  figure  11, 
where  the  x-  and  y-axes  represent  the  position  of  the  test  cell  and  the 
z-axis  displacement  is  proportional  to  the  photocurrent  from  the  test  cell. 

In  this  example,  reasonably  good  uniformity  is  seen  over  most  of  the  upper 
left  quarter  of  the  area  measured. 

To  make  a quantitative  measurement  of  the  average  nonuniformity,  the  test 
cell  was  moved  over  a distance  of  4 mm  in  the  illumination  field.  Then  cell 
A of  NBS-22  was  placed  at  the  same  position  in  the  illuminated  field  and  a 
line  scan  was  made  over  a distance  of  1.5  mm  between  two  metallization  lines. 

The  relationship  obtained  between  asymmetry  and  nonuniformity,  measured  in 
this  way  is  consistent  with  a linear  dependence  as  shown  in  figure  12.  The 
effect  is  due  to  the  increased  diode  conductance  in  the  cell  with  light  bias. 
The  error  bars  represent  estimates  of  uncertainty  primarily  associated  with 
the  placement  of  the  cell.  The  average  light  bias  level  was  approximately 
0.4  suns.  A small  test  cell  incorporated  into  solar  cell  test  pattern  would 
aid  in  making  these  two  measurements  at  exactly  the  same  place  in  the  field. 
It  would  also  be  useful  in  verifying  the  uniformity  of  the  illuminating  field 
as  will  be  discussed  in  section  7.3.  1 

i | ; 

Another  problem  to  be  avoided  in  the  line  scan  of  a cell  directly  under  the 
microscope  objective  ig  multiple  reflections  between  the  cell  and  the  bottom 
of  the  objective  lens.  The  effect  is  illustrated  in  figure  13  where  an  in- 
terference pattern  is  seen  in  the  central  portion  of  the  scan.  The  undesir- 


16 


I I 
2:  G 
O (D 
JG  o 
co 

x 
c o 
o 

•d  -P 

x x 

G tn 
G -d 
•H  P 

E 

G CD 
d X 
d X 


o 

G -P 
G 

CO  >, 
rd 

CD  4-> 
G X 
O On 


IP  d 
id  CO 
0) 


-P  a) 

fO  co 
E C 
•H  o 
x a 
o co 

P QJ 

a p 
a o 

<TJ  -P 

o • 

p x d 
qj  ad 

73  QJ 
G G O 
G d 


QJ  G -P 
U!  d P 

c e g 

o g a 

a i — i 
CO  d -P 
0)  d CO 
P G 
O a T3 
x o 

O CD 
X -P 
a O O 
<U  X 
X 

• a qj 

O Q)  D 
d T3 
QJ 

CD  X CO 
P X d 
G 

On  Cn  p 
d C CD 
CP  d X 


17 


X 


18 


Figure  11.  Illumination  uniformity  over  a 2 cm  by  2 cm  area  obtained  from  the  photoresponse  of 
a small  area  ( 1 by  4 mm)  solar  cell  moved  along  parallel  lines  2 mm  apart  in  a test  plane  in 
the  illumination  field. 


% ASYMMETRY  IN  LINE  SCAN 
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% NONUNIFORRHTY  IN  LIGHT  BIAS 


Figure  12.  Percent  asymmetry  in  line  scan  versus  percent  non- 
uniformity in  illumination  level  in  the  region  of  the  scan. 
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is  due  to  dust  on  the  cell 


able  reflections  may  be  eliminated  by  tilting  the  cell  about  an  axis  lying  in 
the  direction  of  the  line  scan  through  an  angle  large  enough  such  that  the 
secondary  reflected  beam  does  not  fall  back  on  the  cell.  The  decrease  in 
photoresponse  as  the  laser  spot  crosses  a metallization  line  is  also  seen  to 
vary  systematically  as  the  laser  beam  gets  further  off  the  optical  axis. 

This  can  occur  when  the  spot  size  on  the  sample  becomes  smaller  as  the  laser 
beam  travels  more  obliquely  through  the  optical  system. 

4.  Uniform  Cell  Scanning  - Verification  of  the  Calculated  Predictions 

Solar  cell  A of  the  test  pattern  was  fabricated  to  be  free  of  any  intentional 
defects.  Line  scans  of  the  laser  spot  between  metallization  lines  should 
thus  produce  photoresponse  curves  whose  shape  is  predicted  by  eq  (5).  Fig- 
ure 14  shows  a family  of  these  curves  for  different  attenuation  lengths  nor- 
malized to  metallization  spacing.  As  will  be  shown  in  eq  (10),  the  attenua- 
tion length  is  inversely  proportional  to  the  square  root  of  the  short  circuit 
current  of  the  illuminated  cell.  For  the  low  levels  of  light  intensity  used 
in  this  work,  the  short  circuit  current  is  linearly  related  to  the  light 
bias.  Thus,  the  attenuation  length  is  also  inversely  proportional  to  the 
square  root  of  the  light  bias.  Line  scans  of  cell  A with  different  levels  of 
light  bias  are  shown  in  figure  15.  The  amplification  of  the  laser-induced 
photoresponse  was  increased  progressively  with  increasingly  greater  light 
bias  in  order  to  have  the  curves  of  comparable  height  on  the  display.  The 
general  agreement  between  the  two  sets  of  curves  is  apparent. 

4.1  Measurements  and  Analysis 

To  obtain  a more  quantitative  measurement  of  the  agreement  between  the  pre- 
dicted and  measured  curves,  three  approaches  were  used  to  determine  the  at- 
tenuation length,  xg. 

The  first  method,  suggested  by  Sawyer  and  Kessler  [3] , is  based  on  the  calcu- 
lated ratio  of  the  minimum  photoresponse  when  the  laser  spot  is  midway  be- 
tween metallization  lines  to  the  maximum  when  the  spot  is  directly  adjacent 
to  a line: 


V . 
min 

V 

max 


= sech 


(6) 


V . 

This  expression  follows  directly  from  eq  (1).  The  ratio  — — - was  taken 

max 

directly  from  the  photoresponse  curves.  The  average  values  of  Vmax  at  the 
right  and  left  sides  of  the  scan  were  taken  in  order  to  reduce  the  effects  of 
small  asymmetries.  Values  of  Xg  at  various  levels  of  background  bias  illumi- 
nation are  given  in  column  4 of  table  2 and  column  3 of  table  3 for  measure- 
ments on  wafers  1 and  2,  respectively.  The  data  for  table  3 were  all  taken 
near  the  center  of  the  cell. 


The  second  approach  to  the  measurement  of  xg  uses  a computer  curve  fit  of 
eq  (4)  to  the  data  with  xg  as  the  adjustable  parameter.  The  photoresponse 
line  scan  data  were  carefully  digitized  using  a trace  on  the  x-y  recorder.  A 
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LASER  SPOT  POSITION,  Xi/S 


Figure  14.  Calculated  photoresponse  of  a uniform  cell  to  a laser  spot 
for  different  attenuation  lengths,  xq , expressed  in  terms  of  metalliza- 
tion spacing  S,  between  metallization  lines  at  x = 0 and  x = 1. 
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Figure  15.  Measured  photoresponse  from  a set  of  line  scans  between  metallization  lines  of 
cell  A for  different  levels  of  overall  cell  illumination.  The  curve  with  the  least  curva- 
ture was  taken  under  less  than  0.5  suns  illumination  and  the  greatest  curvature  was  taken 
with  greater  than  2.0  suns  overall  illumination. 


Table  2.  Attenuation  Lengths  Measured  on  Uniformly  Diffused  Solar  Cell  A of 
Wafer  1 . 


Scan 

Attenuation  Length, 

x0 

Li  ght 

distance 

I 

sc 

from 

from 

calculated 

bias 

from  bus 

V . /V 
mm  max: 

fit 

from  I 

sc 

[suns] 

[mm] 

[mA] 

[mm] 

[mm] 

[mm] 

0.52 

4.2 

13.27 

2.16 

2.19 

1 .93 

0.97 

0.3 

3.68 

3.19 

0.97 

0.8 

1.78 

1.77 

0.97 

1.3 

1.55 

1.55 

0.97 

1 .8 

1.50 

1.54 

t 

0.97 

4.2 

25.63 

1.49 

1.51 

1.39 

0.97 

7.6 

1 .43 

1 .46 

0.97 

8.1 

1.41 

1.40 

1.6 

4.2 

43.41 

1.11 

1.14 

1 .06 

Table  3.  Attenuation  Lengths  Measured  on  Uniformly  Diffused 
Solar  Cell  A of  Wafer  2 (all  scans  in  center  of 
cell) . 


Attenuation  Length, 

x0 

Light 

I 

from 

from 

calculated 

bias 

SC 

V . /V 
mm  max 

fit 

from  I 

sc 

[suns] 

[mA] 

[mm] 

[mm] 

[mm] 

0.29 

8.50 

2.98 

3. 10 

2.48 

0.48 

13.42 

2.36 

2.21 

1 .97 

0.63 

19.13 

1.76 

1.77 

1.66 

0.87 

25.38 

1 .50 

1.51 

1 .44 

1.07 

34.56 

1.25 

1.26 

1.23 

1.38 

43.33 

1.09 

1.11 

1.10 

1 .69 

52.51 

0.99 

1.01 

1.00 

2.02 

63.72 

0.90 

0.90 

0.91 
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least  squares  fitting  procedure  was  then  used  to  minimize  the  conventional 
chi  squared  statistical  parameter  by  adjusting  xQ  [8] • Figure  16  shows  an 
example  of  the  data  as  X"s  and  the  values  from  the  equation  as  dots.  A care- 
ful inspection  of  this  figure  shows  a slight  deviation  between  the  line  scan 
data  and  the  calculated  curve  near  the  right-hand  metallization  line.  This 
is  an  indication  of  a small  asymmetry  in  the  line  scan  data  due  to  a slight 
nonuniformity  in  light  bias  over  this  region  of  the  cell  as  discussed  in  sec- 
tion 3.  The  effect  on  the  determination  of  xg  is  small,  however,  since  the 
value  of  Xg  is  determined  by  the  fit  over  the  whole  curve.  The  results  of 
this  analysis  are  shown  in  column  5 of  table  2 and  column  4 of  table  3. 


The  third  method  of  obtaining  a value  of  Xg  uses  eq  (5)  and  the  average 
small-signal  diode  conductance  per  unit  area,  Z"^,  over  the  whole  solar 
cell.  To  obtain  an  expression  for  Z consider  the  equation  for  the 
cell  current  density  jL  due  to  steady-state  illumination  [3,6]: 


JL 


(7) 


where  jQ  is  the  cell  saturation  current  density,  V is  the  cell  voltage,  m is 
the  quality  factor  of  the  cell,  k is  the  Boltzman  constant,  and  T is  the 
absolute  temperature. 


The  small-signal  diode  conductance  per  unit  area  is  the  differential  of  the 
current  density  jL  with  respect  to  the  cell  voltage  V: 


_2_ 

mkT 


(jL  + 


V 


(8) 


The  forward  light-biased  current,  jL,  is  much  larger 
I 

sc 

j = — ^ - where  A is  the  active  cell  area,  and  Igc  is 
current.  We  can  then  write: 


than  jQ  and 
the  short  circuit 


AmkT 


I 

sc 


(9) 


We  then  have: 


>AmkT 

qIscp 


(10) 


The  quality  factor,  m,  for  our  cell  was  obtained  by  a least  squares  computer 
fit  to  the  dark  I-V  curve  using  the  expression: 


(11) 


where  the  cell  voltage,  V,  of  eq  (7)  is  expressed  as  the  junction  voltage, 

Vj,  minus  the  voltage  drop  across  the  cell  series  resistance,  Rs.  The 
value  of  m from  this  method  is  1.21  + 0.01  for  cell  A of  wafer  1 and  1.20  + 
0.01  for  cell  A of  wafer  2.  The  factor  kT/q  is  25.4  mV  for  a temperature  of 
21°C,  which  was  assumed  to  be  the  cell  temperature  for  all  the  data  collect- 
ed. This,  however,  introduces  a small  systematic  error  in  the  results  as  the 
cell  temperature  is  expected  to  increase  with  greater  light  bias.  To  esti- 
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Figure  16.  Curve  fitting  of  eq  (4)  (dots)  to  photoresponse  line  scan 
data  (X's)  between  metallization  lines  by  minimizing  chi  squared.  The 
illumination  level  was  1.6  suns  on  cell  A of  wafer  1. 
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mate  the  magnitude  of  this  effect,  the  surface  temperature  of  cell  D was  mea- 
sured with  a calibrated  thermocouple  under  a light  bias  of  approximately  one 
sun.  A temperature  rise  of  5°C  was  observed  at  equilibrium  corresponding  to 
1.7-percent  error  in  the  calculation  of  xg . This  suggests  that  a tempera- 
ture sensor  incorporated  into  the  solar  cell  test  pattern  would  be  useful  in 
making  more  accurate  measurements  as  discussed  in  section  7.4.  The  active 
area  of  each  cell  is  84.3  mm2.  The  area  of  the  cell  was  calculated  from 
the  design  measurements  on  the  photomasks  for  the  solar  cell  test  pattern. 

The  dimensions  were  checked  by  direct  measurement  with  a microscope  and  the 
photoactivity  over  the  entire  cell  was  verified  with  the  laser  scanner.  The 
values  of  Xq  given  in  column  6 of  table  2 and  column  5 of  table  3 are  ob- 
tained from  eq  (10)  with  the  use  of  the  above  values  for  m,  kT/q,  and  A along 
with  directly  measured  values  of  short-circuit  current,  and  the  average 
values  of  p from  the  reference  test  structure. 

These  data  from  each  of  the  three  determinations  of  the  attenuation  length, 

Xg , are  plotted  in  figures  17  and  18  where  the  calculated  values  of  xg  ob- 
tained from  Isc  are  shown  with  a smooth  curve  to  guide  the  eye.  The  val- 
ues obtained  from  Vm^n/Vmax  and  the  curve  fitting  of  the  analytical  ex- 
pression to  the  photoresponse  data  are  shown  as  squares  and  circles,  respec- 
tively. The  overall  agreement  is  satisfactory  when  the  assumptions  on  which 
the  calculations  are  based  are  met  as  discussed  in  the  next  section. 

4.2  Regions  of  Validity 

It  should  be  noted  that  when  scans  are  taken  very  near  the  bus  electrode,  the 
assumption  of  infinitely  long  parallel  electrodes  made  in  deriving  eqs  (3) 
and  (4)  is  not  valid.  The  photoresponse  curves  are  much  flatter  near  the  bus 
electrode,  producing  incorrectly  large  values  for  the  attenuation  length  as 
can  be  seen  in  the  second  and  third  rows  of  data  in  table  2.  At  the  opposite 
side  of  the  cell  near  the  ends  of  the  metallization  line,  the  opposite  effect 
occurs  as  charge  collection  is  reduced,  making  the  curvature  greater  than 
predicted.  These  effects  are  seen  clearly  in  figure  19  as  the  measured  val- 
ues for  xg  increase  markedly  for  measurements  near  the  bus  bar  and  decrease 
somewhat  as  measurements  are  made  close  to  the  end  of  the  metallization 
lines.  The  data  used,  listed  in  table  2,  was  taken  at  a light  bias  level  of 
approximately  0.97  suns  overall  illumination  corresponding  to  an  attenuation 
length  which  is  very  close  to  the  intermetallization  spacing  of  1.5  mm. 

Thus,  the  curve  in  figure  19  suggests  that  the  determinations  of  attenuation 
length  by  the  techniques  of  the  previous  section  are  consistent  within  +4 
percent  as  long  as  the  line  scan  is  not  made  within  one  attenuation  length  of 
the  bus  bar  or  metallization  ends  of  the  cell. 

The  poor  agreement  between  the  values  of  xQ  at  low  levels  of  light  in  tables 
2 and  3 is  also  due  to  the  attenuation  length  being  long  compared  to  the 
distance  between  the  line  scan  and  the  bus  bar  although  the  scan  is  near  the 
center  of  the  cell.  This  again  violates  the  assumption  of  current  collection 
only  by  the  metallization  lines  and  the  data  reflect  the  flattening  effect  of 
bus  bar  collection  on  the  curvature  of  the  line  scan. 

Thus,  the  agreement  obtained  between  the  three  determinations  of  attenuation 
length  suggests  the  calculated  photoresponse  predictions  can  be  used  with 
confidence  when  the  attenuation  length  is  sufficiently  short  to  meet  the  con- 


27 


(U1IU)  I -£/  H19N31  NOilVnfGILV 


i 

fO  T3 
W3C 
i — I C fTJ  • 

0)  0)  w 

> -P  •»  4-> 


28 


Figure  17.  Measured  attenuation  length  versus  short-circuit  current  for  different  le 
of  light  bias  for  cell  A,  wafer  1.  Values  for  the  three  methods  of  measurement  of  at 
tion  are  indicated  by  squares  from  VIpin/Vmax,  open  circles  from  the  least  squares  fit 
dots  from  xg  = (Z/p)V2.  The  curve  is  drawn  to  guide  the  eye  through  the  latter  poin 
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01  23456789 

DISTANCE  OF  SCAN  LINE  FROM  BUS  |mm) 

Figure  19.  Plot  of  measured  attenuation  lengths  xq  from  table  2 for  0.97  suns  illumina- 
tion versus  distance  of  the  line  scan  from  the  solar  cell  bus  bar,  at  X = 0,  indicating 
the  region  between  2 and  7 mm  over  which  the  predictions  of  eqs  (3)  and  (4)  are  valid. 
Data  points  squares  and  open  circles  are  for  xq  determined  from  Vmin/Vmax  and  from  the 
least  squares  fit,  respectively.  The  dashed  line  is  meant  to  guide  the  eye  through  the 
data  points. 


30 


ditions  which  the  calculations  were  made.  The  actual  values  depend  on  the 
geometry  of  the  cell  being  tested. 

It  should  be  emphasized  that  the  measurements  and  calculations  used  in  this 
section  assume  a uniform  cell.  If  there  are  variations  in  sheet  resistance 
between  metallization  lines  (as  studied  in  the  following  section),  the  mea- 
surements of  attenuation  length  may  be  considered  to  be  an  average  value  de- 
termined by  the  charge  flow  across  the  cell. 

5.  Detection  of  a Step  Change  in  Sheet  Resistance 

Numerical  calculations  by  Lehovec  and  Fedotowsky  [9] , using  the  geometry  of 
cell  C in  figure  1,  indicated  that  step-wise  changes  in  sheet  resistance  of 
less  than  about  two-to-one  would  be  barely  discernible,  and  then  only  if  the 
attenuation  length  were  sufficiently  short  in  comparison  with  the  metalliza- 
tion spacing,  S (i.e.,  if  the  light  bias  were  sufficiently  great).  This  is 
illustrated  in  figure  5 for  a value  of  about  1.46  for  the  ratio  of  the  sheet 
resistance  of  the  central  ( P2 ) to  that  of  the  side  (P-j)  regions.  Even  where 
the  ratio  of  attenuation  length  xQ  to  metallization  spacing  is  0.4,  the 
change  in  curvature  of  the  photoresponse  is  only  slight  as  the  light  probe 
moves  across  the  step-wise  change  in  sheet  resistance.  The  basic  reason  for 
this  is  the  averaging  effect  of  the  two  sheet  resistance  regions  on  the 
carrier  flow  to  the  metallization  lines  on  either  side  of  the  laser  spot. 

A line  scan  of  solar  cell  C of  NBS-22  (wafer  number  1)  is  shown  in  figure  20. 
Ignore  for  the  moment  the  increase  in  the  level  of  photoresponse  in  the  cen- 
tral region  which  is  believed  to  be  due  to  the  difference  in  junction  depth 
for  the  regions  with  different  sheet  resistance.  The  photoresponse  curve  was 
digitized  using  100  data  points  as  shown  in  figure  21.  A computer  routine 
Was  used  to  select  values  for  xg  which  would  separately  provide  the  best 
fit  of  the  data  to  the  function  given  by  the  numerator  of  eq  (5)  for  each  of 
the  three  regions.  The  curves  giving  the  best  agreement  with  the  digitized 
data  are  shown  as  line  segments  in  figures  22  and  23  for  the  left  and  central 
portions,  respectively,  with  X's  representing  the  data,  and  dots  the  computed 
curve.  Figure  24  shows  the  computed  curve  for  all  these  regions.  The  cen- 
tral region  was  lowered  to  align  the  three  curves.  As  may  be  observed,  were 
the  curves  to  be  connected,  there  would  be  no  obvious  change  in  the  nature 
of  the  curve.  The  best  Xq  values  for  each  of  the  three  segments  were  es- 
sentially indistinguishable;  values  for  Xq  for  the  left,  center,  and  right 
section  were  1.22,  1.20,  and  1.29  mm,  respectively.  This  result  is  not  unex- 
pected from  the  numerical  results  shown  in  figure  5.  For  the  light  bias 
used,  a value  of  only  about  0.9  was  obtained  for  the  ratio  of  attenuation 
length  to  metallization  spacing,  as  judged  by  the  best-fit  values  of  Xg.  It 
is  possible  that  with  greater  light  bias  and  the  resultant  greater  curvature 
in  both  regions,  a noticeable  change  in  curvature  could  have  been  seen.  A 
sufficiently  intense  light  source  with  the  required  uniformity  was  not  avail- 
able to  do  this,  however.  The  ratio  of  sheet  resistances,  P2/P-|»  for  the 
cell  tested  is  somewhat  larger  (^1.6  times)  than  for  the  case  shown  in  figure 
5.  This  would  serve  to  accentuate  only  slightly  any  differences  in  curvature 
of  the  photoresponses  in  the  two  regions  shown. 

The  experimental  results,  illustrated  in  figures  21  through  24,  show  that  the 
scanner  technique  is  not  sensitive  to  step  changes  in  sheet  resistance  due  to 
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Figure  20.  Photoresponse  profile  from  a line  scan  between  metallization  lines  of  cell 
C,  wafer  1,  under  a light  bias  of  2.1  suns.  The  step  increase  in  photoresponse  for  the 
center  third  of  the  scan  is  thought  to  be  due  to  the  shallower  junction  depth  in  this 
singly  diffused  region. 


Figure  21.  Digitized  photoresponse  data  from  a line  scan  between  met- 
allization lines  of  cell  C,  wafer  1.  The  transition  regions  between 
singly  (center)  and  doubly  (sides)  diffused  regions  are  not  included. 
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LASER  SPOT  POSITION,  Xi/S 

Figure  22.  Left  portion  of  the  photoresponse  data  shown  in  figure  21 
where  the  line  scan  data  are  shown  as  X's  and  computed  points  from  a 
best  fit  adjustment  of  attenuation  length,  xg,  are  shown  by  dots. 
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LASER  SPOT  POSITION,  Xi/S 

Figure  23.  Central  portion  of  the  photoresponse  data  shown  in  figure  22 
where  the  line  scan  data  are  shown  as  X's  and  computed  points  from  a best 
fit  adjustment  of  attenuation  length,  xq,  are  shown  by  dots. 
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LASER  SPOT  POSITION,  Xi/S 

Figure  24.  Complete  fitted  photoresponse  curve  with  superimposed  data 
from  figure  22  where  the  central  portion  has  been  lowered  for  comparison 
between  the  three  regions. 
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dopant  density  changes,  unless  quite  large  changes  in  sheet  resistance  exist 
and  perhaps  rather  intense  light  bias  is  used.  This  is  in  agreement  with  the 
work  of  Lehovec  and  Fedotowsky  [9]  for  the  case  where  P2/P1  is  greater  than 
unity,  as  is  the  present  experimental  situation.  Their  calculations  also 
show  that  the  technique  is  more  sensitive  to  detecting  changes  of  sheet  re- 
sistance when  P2/P1  is  less  than  unity. 

The  lower  photoresponse  level  observed  in  the  side  regions,  as  shown  in  fig- 
ure 10,  may  be  explained  by  these  regions  having  a deeper  junction  than  the 
center  region.  The  loss  of  photogenerated  carriers  to  recombination  gener- 
ally decreases  with  decreasing  junction  depth  [10]  in  the  range  of  junction 
depths  applicable  to  the  NBS-22  cells  (i.e.,  ^0.6  ym).  Hence,  the  side  re- 
gions would  have  greater  losses  and,  consequently,  lower  photoresponse  levels 
than  the  center  region. 

A difference  in  junction  depth  is  expected  because  of  the  order  in  which  the 
two  diffusion  masks  were  used  in  the  wafer  fabrication  process.  One  mask 
leads  to  the  exposure  of  the  entire  cell  area  to  the  phosphorus  dopant,  the 
other  to  only  the  regions  adjacent  to  the  metallization  stripes  (the  side  re- 
gions). In  the  present  NBS-22  cells,  the  latter  mask  was  used  first.  In 
this  case,  the  junction  forms  and  advances  only  in  the  side  regions.  During 
the  second  diffusion  step,  the  junction  forms  and  advances  in  the  rest  of  the 
cell,  while  the  junction  in  the  side  regions  proceeds  still  deeper.  The  net 
result  is  a deeper  junction  in  these  side  regions  than  in  the  central  regions 
of  the  cell. 

Based  on  these  observations,  the  experimental  results  suggest  that  differ- 
ences in  junction  depth  can  be  detected  with  the  scanner  technique.  Such 
differences  can  also  complicate  the  analysis  of  cells  with  variations  in 
sheet  resistances.  It  is  also  expected  that  certain  changes  in  dopant  pro- 
file and  density  could  affect  photoresponse,  with  or  without  a change  in 
sheet  resistance,  as  was  mentioned  by  Lehovec  and  Fedotowsky  [9] . 

Step  changes  in  sheet  resistance  with  no  significant  change  in  junction  depth 
can  be  achieved  by  reversing  the  sequence  of  the  two  masks  used.  In  this 
case,  the  junction  first  forms  and  advances  over  the  entire  cell.  It  will 
continue  to  advance  uniformly  over  the  cell  during  the  second  diffusion  step 
as  more  dopant  atoms  are  introduced  into  the  side  regions  to  increase  the 
dopant  density  and  produce  a net  increase  in  sheet  resistance  there.  To 
detect  and  study  how  dopant  profiles  can  affect  photoresponse,  one  could  fab- 
ricate these  cells  with  the  process  just  described  *or  with  an  ion  implanta- 
tion process. 


6.  Detection  of  Noncontacted  Metallization  Regions 

Solar  cell  B in  the  NBS-22  test  pattern  was  fabricated  to  have  controlled  re- 
gions where  the  top  surface  metallization  does  not  make  electrical  contact  to 
the  cell  emitter  but  is  insulated  from  it  by  a silicon  dioxide  layer,  as  il- 
lustrated in  figure  3.  This  condition  would  simulate  contact  liftoff,  a typ- 
ical degradation  mode.  The  lengths  of  the  breaks  range  from  25  to  1600  ym, 
with  each  successive  length  doubling  from  the  smallest  to  the  largest. 

Lehovec  and  Fedotowsky  have  shown  that  the  photoresponse  curve  approaches  ze- 
ro slope  as  the  laser  spot  is  scanned  across  a break  in  the  metallization 
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contact  in  marked  contrast  to  the  steep  slope  near  a normal  contact  [5]  as 
shown  in  figure  6.  The  phenomenon  is  illustrated  in  figure  25  for  a 800-ym 
break  in  metallization  with  the  illumination  level  producing  an  attenuation 
length  of  approximately  450  pm.  The  photoresponse  is  very  flat  for  the 
fourth,  fifth,  and  sixth  scans  from  the  top,  indicating  the  region  of  the 
break.  The  third  and  seventh  scans  from  the  top  show  the  characteristic 
slope  associated  with  the  laser  spot  approaching  good  metallization  contact. 

A photographic  study  was  made  to  determine  how  small  a break  could  be  de- 
tected with  the  laser  scanner  operated  in  the  raster  scan  mode  as  described 
in  earlier  reports  [2,4].  Indications  of  a break  in  metallization  contact 
are  shown  in  figure  26  and  for  800- , 400- , and  200-pm  breaks,  respectively, 
also  for  a 450-ym  attenuation  length.  The  metallization  runs  diagonally 
across  the  photograph  from  upper  right  to  lower  center.  Figures  26a  and  26b 
clearly  show  the  region  of  a break  over  the  major  center  portion  of  the 
photograph.  Figure  26c  shows  the  limit  of  detection,  to  a careful  observer, 
at  the  200-pm  wide  break.  The  shorter  breaks  were  not  detected.  A rough 
guideline  is  then  that  the  minimum  break  detectable  is  approximately  equal  to 
one-half  of  the  attenuation  length  in  the  cell. 

The  use  of  the  slope  of  the  photoresponse  line  scan  to  detect  areas  of  non- 
contact  of  the  metallization  lines  on  solar  cell  emitters  is  limited  by  the 
attenuation  length  one  can  achieve  by  light  biasing  the  cell.  A large  light 
bias  is  desirable  to  decrease  the  attenuation  length  and  thus  to  increase  the 
curvature  of  the  line  scan  approaching  good  metallization  contact  in  order  to 
distinguish  it  from  the  relatively  flat  scans  across  areas  of  no  contact. 

The  small  attenuation  length  also  enhances  detection  of  smaller  breaks  be- 
cause if  the  attenuation  length  is  comparable  to  or  larger  than  the  break 
length,  the  photocurrent  collection  will  be  unimpeded  by  the  break. 

A more  careful  study  of  the  precise  line  shape  in  the  vicinity  of  a break 
would  require  a very  accurate  stepping  motor  and  controller  to  position  the 
solar  cell  accurately  at  a predetermined  spot  under  the  laser  spot  since  the 
size  of  the  defects  under  consideration  is  too  small  for  direct  visual 
alignment.  As  discussed  in  section  8,  this  addition  to  the  laser  scanner  is 
considered  vital  to  making  more  accurate  measurements. 

7.  Factors  to  Consider  in  the  Redesign  of  the  Solar  Cell  Test  Pattern 

The  solar  cell  test  pattern,  including  the  reference  test  structures,  was  de- 
signed to  aid  in  application  of  the  laser  scanner  to  the  measurement  of  solar 
cell  operating  parameters  and  their  relationship  to  the  appropriate  material 
parameters.  This  pattern  has  proved  useful  for  this  purpose,  and  its  poten- 
tial in  determining  the  capability  of  a laser  scanning  system  to  detect  cer- 
tain solar  cell  defects  has  been  demonstrated.  However,  based  on  experience 
in  using  the  pattern,  several  improvements  and  modifications  that  would  en- 
hance its  usefulness  and  expand  its  capability  can  be  suggested  as  discussed 
in  the  following  four  sections. 

7.1  Cell  Configuration  and  Mounting 

The  present  solar  cell  test  pattern  contains  four  different  solar  cells  fab- 
ricated on  the  same  wafer,  each  surrounded  by  16  replicas  of  the  reference 
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Figure  25.  Photoresponse  line  scans  at  200-ym  intervals  of  cell  B in  the 
vicinity  of  an  800-um  break  in  metallization-to-emitter  contact.  The  posi- 
tion of  the  line  scan  from  the  cell  bus  bar  is  shown  beside  each  line.  The 
characteristically  large  slope  of  the  photoresponse  line  approaching  good 
metallization  contact  is  seen  in  the  top  three  and  bottom  two  scans.  The 
relatively  straight  three  lines  in  the  center  indicate  a region  of  no  con- 
tact between  the  emitter  and  the  metallization. 
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c.  200-pm  long  break. 


Figure  26.  Photoresponse  raster  scan  photographs  in  the  vicinity  of  breaks  in  the 
metallization- to-emitter  contact.  The  approximate  location  of  each  break  is  shown  by 
an  open  rectangle.  Note  that  the  display  scale  was  not  the  same  for  each  photograph. 


a.  800-ym  long  break. 


400-ym  long  break. 
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test  structures.  The  analysis  and  assembly  procedure  involves  making  all  the 
desired  electrical  measurements  on  the  reference  test  structures  with  a wafer 
prober  system,  and  then  scribing  and  breaking  the  pattern  into  four  parts, 
each  containing  one  of  the  solar  cells.  These  cells  are  then  bonded  with  a 
conductive  epoxy  to  a gold-plated  substrate  to  make  the  bottom  contact.  Con- 
tact to  the  top  surface  is  provided  by  wire  bonds  from  the  cell  bus  bar  to  an 
electrically  isolated  area  of  the  gold-plated  substrate.  The  wire  bonds  are 
formed  ultrasonically  using  25-ym  diameter  aluminum  wire.  This  assembly  is 
then  mounted  on  a small  circuit  board  for  ease  in  handling  and  making  connec- 
tions to  the  photoresponse  measurement  system. 

Difficulties  have  become  apparent  in  this  procedure.  First,  the  process  of 
dividing  the  wafer  destroys  the  inner  reference  test  structures,  and  second, 
the  delicate  wire  bonds  make  subsequent  measurements  on  the  remaining  refer- 
ence test  structures  difficult  with  an  automatic  probing  device.  While  wire 
bonding  is  a standard  technique  for  integrated  circuits,  it  is  not  as  useful 
for  solar  cells.  Thick  films  are  often  used  for  the  metallization  lines  and 
bus  bars,  allowing  more  rugged  flat  electrical  connections.  Design  of  a so- 
lar cell  test  pattern  for  wider  use  as  envisioned  in  the  following  sections 
suggests  such  a contact  system.  Standard  solar  cell  metallization  printing 
can  be  used.  Each  individual  solar  cell  could  be  fabricated  on  a separate 
wafer  or  adequate  space  could  be  left  between  cells  for  scribe  lines.  Con- 
tact to  the  bus  bars  of  the  cells  could  also  be  extended  to  contact  pads  lo- 
cated outside  the  ring  of  reference  test  structures.  This,  combined  with  the 
flat  contacts,  would  permit  measurements  to  be  made  on  the  reference  test 
structure  alternately  with  the  photovoltaic  measurements.  This  would  be  par- 
ticularly useful  if  the  device  were  applied  to  reliability  and  durability  as- 
sessment in  accelerated  stress  testing.  A possible  configuration  is  shown  in 
figure  27. 

7.2  Step  Change  in  Sheet  Resistance 

The  intentional  defect  incorporated  in  cell  C of  the  solar  cell  test  pattern 
demonstrates  the  potential  of  this  approach  to  the  study  of  the  influence  of 
sheet  resistance  changes  on  solar  cell  photoresponse.  An  extension  of  this 
approach  is  thus  suggested. 

The  step  change  in  dopant  density  was  seen  to  be  detectable  as  a change  in 
the  photoresponse  of  the  cell  as  a laser  spot  is  scanned  across  the  cell. 
However,  the  process  by  which  the  dopant  density  was  changed  involved  the 
application  of  a second  diffusion  to  a specified  region  of  the  cell.  In  ad- 
dition to  increasing  the  dopant  density  in  the  emitter  region,  other  changes 
were  made  which  have  an  even  greater  effect  on  the  photoresponse.  As  dis- 
cussed in  section  5,  the  heating  of  the  entire  wafer  during  the  second  diffu- 
sion step  causes  the  dopant  in  the  masked  region  to  diffuse  deeper  while  the 
area  adjacent  to  the  metallization  is  exposed  to  the  dopant.  The  result  of 
this  is  that  the  junction  depths  of  the  two  regions  are  sufficiently  differ- 
ent to  substantially  enhance  the  photoresponse  of  the  singly  diffused  region 
resulting  in  the  step  increase  seen  in  figure  20.  As  this  change  in  junction 
depth  was  not  taken  into  account  in  the  calculated  photoresponse  equations, 
it  does  not  show  up  in  figure  5.  It  would  be  desirable  to  study  the  effects 
of  junction  depth  and  sheet  resistance  changes  independently  by  producing 
dopant  density  variations  by  ion  implantation.  As  the  dopant  profiles  can  be 
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Figure  27.  Revised  arrangement  for  the  solar  cell  test  pattern  showing  the 
location  of  the  diode,  the  thermocouple,  TC,  and  the  reference  test  structure, 
RTS. 
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accurately  controlled  for  silicon,  less  ambiguous  measurements  should  be 
possible. 

7.3  Illumination  Uniformity  and  Intensity  Calibration 

Any  careful  measurement  of  the  photoresponse  over  the  area  of  a solar  cell 
due  to  a laser  spot  while  the  cell  is  under  general  illumination  requires 
either  a high  degree  of  uniformity  in  that  illumination  or  that  the  degree  of 
nonuniformity  be  well  known.  Otherwise,  it  is  the  effect  of  the  nonunif orrai- 
ty  in  illumination  that  is  being  measured  rather  than  variation  in  the  photo- 
response of  the  cell  itself.  The  uniformity  of  the  general  illumination 
could  most  conveniently  be  measured  by  fabricating  on  the  solar  cell  test 
structure  a small  cell  with  independent  leads.  The  output  of  this  cell  as  it 
is  moved  through  the  illuminated  area  could  then  be  used  to  facilitate  ad- 
justments in  the  light  source  and  finally  to  measure  the  uniformity  of  the 
illumination  during  an  actual  scan  across  the  solar  cell  on  the  test  struc- 
ture. 

In  addition  to  uniformity,  the  measurement  of  absolute  magnitude  of  the  illu- 
mination is  important  both  for  intralaboratory  reproducibility  and  for  com- 
parison to  results  between  laboratories.  Since  the  regions  of  interest  in 
this  work  are  considerably  smaller  than  that  of  the  presently  available  cali- 
bration cells,  a small  reference  cell  on  part  of  the  solar  cell  test  struc- 
ture is  needed.  The  same  cell  used  for  uniformity  determination  could  be 
used  for  this  purpose  if  properly  calibrated. 

7.4  Temperature  Sensor 

The  importance  of  knowing  the  solar  cell  surface  temperature  in  making  quan- 
titative measurements  derives  from  the  kT/q  factor  appearing  in  the  basic 
equations  for  cell  response.  An  accurate  determination  of  the  cell  tempera- 
ture under  scanning  conditions  is  essential  when  high  illumination  levels  are 
employed.  Independent  verification  would  also  be  helpful  when  temperature- 
controlled  vacuum  chucks  are  used. 

A simple  and  convenient  way  to  provide  a temperature  sensor  in  the  solar  cell 
test  pattern  is  to  include  a thermocouple  junction  vacuum  deposited  onto  the 
surface  of  the  silicon  wafer  adjacent  to  the  solar  cells  in  the  pattern. 

This  would  ensure  good  thermal  contact  with  the  wafer  and,  with  separate  per- 
manent leads  attached,  temperature  measurements  could  be  made  during  light- 
biased  scanning.  The  thermocouple  junction  should  be  as  small  as  possible  to 
lessen  the  effects  of  light  reflection,  and  the  leads  should  be  small  to  re- 
duce heat  conduction.  A technique  which  virtually  eliminates  the  latter 
problem  has  been  developed  by  Stamper  [11]  using  a three-lead  thermocouple. 

Alternatively,  a separate  silicon  diode  can  be  fabricated  as  part  of  the  so- 
lar cell  test  pattern,  located  adjacent  to  the  solar  cell.  The  diode  would 
be  covered  during  the  metallization  step  to  eliminate  photoresponse.  The 
forward  voltage  across  the  junction  due  to  applied  current  density  jL  [eq 
(7)]  would  be  calibrated  against  temperature  for  each  diode.  These  charac- 
teristics have  been  studied  for  p-n  junctions  by  Sclar  and  Pollock  for  the 
range  from  4 to  300  K [12]. 
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7.5  System  Resolution 


One  of  the  parameters  of  a laser  scanner  that  is  important  to  measure  and  to 
optimize  is  the  effective  laser  spot  size,  or  resolution  of  the  system,  A 
rough  measure  of  this  quantity  may  be  obtained  from  the  sharpness  of  the  pho- 
toresponse cut-off  as  the  laser  spot  reaches  a metallization  line.  Standard 
optical  methods  of  measuring  resolution,  however,  employ  a calibrated  grid  of 
transparent  and  opaque  regions  to  measure  the  modulation  in  the  transmitted 
intensity  of  a light  spot  as  it  is  moved  across  the  grid.  This  same  measure- 
ment could  be  made  much  more  conveniently  with  a set  of  closely  spaced  metal- 
lization lines  deposited  on  a photosensitive  surface  as  part  of  the  solar 
cell  test  pattern.  The  spacing  should  vary  from  a fraction  of  a micrometer 
to  several  hundred  micrometers  to  cover  the  range  of  scanners  in  use.  This 
would  aid  in  the  function  of  the  solar  cell  test  pattern  as  a device  to 
evaluate  laser  scanners  that  are  being  widely  used  in  photovoltaic  research 
and  development  laboratories. 

8.  New  Directions 

The  investigation  of  the  usefulness  of  the  laser  scanner  in  conjunction  with 
electrical  measurements  from  reference  test  structures  as  described  in  this 
report  has  led  to  the  identification  of  a number  of  areas  for  future  study. 
The  most  immediate  is  the  application  of  the  Sawyer/Lehovec  equation  for 
laser-induced  photoresponse  to  the  measurement  of  solar  cell  sheet  resistance 
as  suggested  by  Sawyer  [2]  and  described  in  section  8.1. 

8.1  Contactless  Measurement  of  Solar  Cell  Sheet  Resistance 

The  accuracy  of  the  match  in  the  theoretical  photoresponse  curve  between  met- 
allization lines  and  the  corresponding  line  scans  obtained  on  solar  cell  A of 
NBS-22  suggests  that  a measurement  of  emitter  sheet  resistance  can  be  made  by 
reversing  the  process.  Using  only  the  normal  solar  cell  output  contacts,  the 
procedure  consists  of  first  determining  the  attenuation  length  xq  by  fitting 
eq  (4)  to  the  experimental  photoresponse  curve.  Alternatively,  Xq  can  easily 
be  obtained  from  a simple  measurement  of  as  defined  in  section  4. 

Equation  (10)  can  be  solved  for  the  sheet  resistance  in  terms  of  known  quan- 
tities: 


P 


AmkT 


qX 

sc  0 


(12) 


The  sheet  resistance  values  calculated  for  cell  A on  wafers  1 and  2 using  the 
Xq  values  determined  from  measurements  of  Vm-j  n and  Vmax  at  various  levels  of 
light  bias  are  shown  in  table  4.  The  agreement  of  these  sheet  resistance 
values  with  the  means  of  the  values  determined  from  direct  measurements  on 
reference  test  structures  surrounding  the  two  cell  A's  improves  with  the 
light  bias  level  used.  The  results  in  table  4 indicate  that  it  is  possible 
to  measure  the  sheet  resistance  of  this  type  of  solar  cells  with  an  accuracy 
of  better  than  6 percent  using  this  method,  provided  that  the  solar  cells  are 
uniform.  Only  in  this  case  can  these  sheet  resistance  determinations  be  com- 
pared to  the  point  measurements  of  van  der  Pauw  cross  resistors. 
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Table  4. 

Comparison  of  Sheet 
Methods. 

Resistances  Measured  by 

Optical  and  Electrical 

Light 

bias 

[suns] 

Electrical 
(van  der  Pauw) 
P (e)  [«/□] 

Optical 

(Laser  Scanner) 
p (o ) [n/o] 

v . 

_ min 

from  y 

max 

% difference 
p(e)  - p(o) 

/ \ x 100 
p(e) 

Cell  A,  Wafer  1 

0.97 

51 .38 

+ 0.07 

45.4 

11.6 

1.6 

’ 51.38 

+ 0.07 

48.3 

6.0 

Cell  A,  Wafer  2 

0.63 

48.1 

+ 1.6 

43.21 

11.3 

0.87 

48.1 

+ 1.6 

44.8 

6.9 

1 .07 

48.1 

+ 1.6 

47.41 

1.5 

1 .38 

48.1 

+ 1.6 

49.70 

- 3.3 

1 .69 

48.1 

+ 1.6 

47.80 

0.6 

2.02 

48.1 

+ 1.6 

49.61 

- 3.1 
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The  measurements  made  during  this  reporting  period  were  restricted  to  only 
two  nearly  identical  cells  for  a number  of  different  illumination  levels.  It 
would  be  expected  that  the  accuracy  of  the  method  would  increase  with  illumi- 
nation level  since  the  resulting  greater  curvature  in  the  photoresponse  laser 
scan  would  permit  greater  accuracy  in  the  determination  of  xQ.  This  accu- 
racy is  particularly  important  since  xq  appears  as  a squared  term  in  eq 
(12).  The  next  test  of  the  method  should  be  to  apply  it  to  a set  of  solar 
cells  with  a range  of  different  sheet  resistances  determined  by  independent 
electrical  measurements.  If  the  method  proves  to  be  accurate  over  a signifi- 
cant range  of  sheet  resistances,  it  should  be  applied  to  commercial  devices 
to  test  its  practicality.  At  that  point  the  preparation  of  a test  method 
draft  may  be  warranted. 


8.2  On-Line  Computer  Use 

A basic  conflict  exists  in  the  scanning  of  solar  cells  or  any  device  whose 
area  is  much  larger  than  the  detail  to  be  investigated.  On  one  hand  it  is 
desirable  to  scan  quickly  a cell  area  of  the  order  of  1 cm^  to  determine 
the  location  of  defects  for  further  study.  However,  the  cracks  and  point 
defects  that  the  laser  scanner  is  capable  of  detecting  are  on  the  order  of 
1 ym.  The  problem  is  one  of  the  resolution  of  the  display  of  the  photore- 
sponse over  the  area  of  the  cell.  Magnification  of  a flaw  the  size  of  1 ym 
to  1 mm  in  the  display  image  would  require  a display  sensor  width  of  10  m for 
each  centimeter  of  cell  scanned.  Such  a display  is  clearly  impractical. 

The  appropriate  solution  seems  to  be  that  of  an  on-line  minicomputer  to  store 
the  data  from  the  many  lines  scans  in  digital  form  for  display.  A software 
scaling  routine  would  allow  the  operator  to  "’zoom  in"  on  regions  of  interest 
as  they  are  identified  on  each  cell. 

To  take  full  advantage  of  such  a system  for  quantitative  measurements,  it  is 
essential  to  be  able  to  control  the  position  of  the  test  cell  under  the  laser 
spot  as  discussed  in  section  3.  The  precision  available  in  positioning 
should  approximate  the  resolution  limits  of  the  scanner.  Such  x-y  stages 
with  stepping  motors  which  can  be  computer  driven  are  readily  available.  The 
addition  of  this  capability  to  the  laser  scanner  would  expand  its  range  of 
application  and  its  convenience  of  use  substantially. 

9.  Summary 

The  photoresponse  of  solar  cells  to  laser  illumination  predicted  by  the  cal- 
culations of  Sawyer  [3]  and  of  Lehovec  and  Fedotowsky  [5]  were  compared  to 
measurements  made  with  the  NBS  laser  scanner  on  single-crystal  test  solar 
cells.  The  results  have  provided  experimental  verification  of  the  calcula- 
tions and  provide  the  basis  for  more  quantitative  applications  of  the  scanner 
to  the  diagnostic  study  of  solar  cells.  Intentionally  introduced  nonunifor- 
mities in  sheet  resistance,  junction  depth,  and  metallization  contact  were 
examined  with  the  laser  scanner,  and  the  capability  of  the  scanner  to  detect 
these  nonuniformities  was  evaluated.  The  laser  photoresponse  was  found  to  be 
very  sensitive  to  changes  in  junction  depth  but  relatively  insensitive  to 
abrupt  changes  in  sheet  resistance  due  to  the  averaging  effect  of  charge  col- 
lection to  metallization  line  on  both  sides  of  the  sheet  resistance  change. 
Breaks  in  top  metallization  contact  to  the  cell  was  found  to  be  detectable  if 
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the  length  of  the  break  was  greater  than  approximately  one-half  of  the  cur- 
rent attenuation  length  in  the  cell  which  is  dependent  on  the  level  of  over- 
all illumination  on  the  cell. 

The  ejqperience  in  using  the  solar  cell  test  pattern  NBS-22  designed  for  this 
study  led  to  several  suggested  improvements  and  additions  to  the  pattern  that 
can  facilitate  its  use  in  determining  the  capability  of  laser  scanners  in 
general  to  make  solar  cell  examinations.  Finally,  the  use  of  the  laser  scan- 
ner in  making  measurements  of  uniform  solar  cell  sheet  resistance  was  inves- 
tigated and  determined  to  be  a very  promising  method  of  making  the  measure- 
ment without  making  contact  to  the  cell  except  through  the  normal  solar  cell 
electrodes.  For  measurements  not  too  close  to  the  cell  boundaries,  the 
agreement  between  the  sheet  resistance  determined  by  scanning  the  solar  cell 
and  that  determined  by  making  electrical  measurements  of  van  der  Pauw  sheet 
resistance  on  test  structures  adjacent  to  the  cell  were  found  to  agree  within 
an  accuracy  of  6 percent.  Further  work  on  the  method  is  indicated  using 
cells  with  a wide  range  of  sheet  resistances. 
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